The present study investigates the efficacy of polyethylenimine (PEI)-DNA complex that expressed human telomerase reverse transcriptase (hTERT) to transfect hair follicle stem cells and produce sufficient hTERT to stimulate hair growth. Transfection with pLC-hTERT-DNA-PEI complex (D+P group) in vitro induced expression of proliferating cell nuclear antigen in 35.8% of the purified stem cell population, suggesting enhanced cell proliferation. In vivo transfection efficiency of rat dorsal skin was determined by staining for b-gal activity. Cells positive for b-gal were located in the bulge region and dermal sheath of hair follicles. The follicles in the hTERT-transfected region entered anagenon day 15 after transfection, whereas non-transfected (Neg) controls remained in telogen. The similar effect was observed in 50-day-old rat dorsal skin. D+P group displayed a specific expression of hTERT and sufficient to initiate a transition to the anagen phase and promote new hair synthesis 18 days after the transfection. hTERT promoted follicle neogenesis following wounding. In all, 60 days after wounding, tissues of the D+P group showed more newly regenerating hair follicles (83±52 regenerated follicles per rat) in contrast to control group tissues (15±15 regenerated follicles per rat). These studies provide a potential approach for gene therapy of skin disease.
INTRODUCTION
Hair growth disorders can affect human physical and mental health. During normal hair growth, existing hair follicles undergo cycles of growth (anagen), regression (catagen) and rest (telogen). Hair growth and maintenance of hair follicles depend on the proliferation of keratinocyte stem cells located in the hair follicle bulge region. High expression of integrin b1, a cell-surface glycoprotein, distinguishes epidermal stem cells from the suprabasal cells, 1 whereas expression of CD71, a transferrin receptor, is a marker of transient amplifying epidermal cells. Candidate murine keratinocyte stem cells express high levels of b1 integrin and low levels of the transferrin receptor, CD71 (b1 integrin + CD71 À ). 2 Additional markers of hair follicle stem cells include the combination of high expression of integrin a6 (a6+), low levels of CD71 (CD71 À ) and high CD34 levels. 2 Hair growth, differentiation and regeneration involve several signaling pathways, 3 including Wnt signaling, an important pathway in hair growth. 4 Telomerase reverse transcriptase (TERT), which is expressed during anagen, upregulates Wnt-signaling pathway. 5 Overexpression of b-catenin, a critical mediator of Wnt signaling, activates epidermal stem cells and induces anagen in mouse skin. Recently, Park et al. 6 showed that TERT directly modulates Wnt/b-catenin signaling by serving as a cofactor in a b-catenin transcriptional complex. Using these molecular mechanisms, TERT enhances hair growth and promotes proliferation of resting stem cells. 7 TERT expression induces a rapid transition from telogen to anagen in murine hair follicles and facilitates hair growth in vivo in TERT conditional transgenic mice. 7 Thus, transfer of an exogenous human TERT (hTERT) cDNA may be used to stimulate hair growth or repair the damaged hair follicle.
Skin is readily accessible for targeted gene therapy, but in situ transfection efficiency and efficient targeting to the relevant cell type warrants improvement. 8 Intradermal injection of purified DNA showed a low efficiency of transfection in situ. High pressure gene gun and viral vector usage carry a risk of recombination at the locus of an important gene. 9, 10 On the other hand, generation of the conditional transgenic mouse model to express TERT gene by treatment of doxycyclin was labor intensive, time consuming, expensive and restricted to research endeavors. 7 Non-viral gene transfection has been proposed as a safer strategy than viral gene transfection for long-term expression in normal tissues because (i) absence of viral components reduces risk of inflammatory response, (ii) lack of integration prevents insertional mutagenesis and (iii) DNA size is not limited. [11] [12] [13] A major challenge is the efficiency of transfection. Among non-viral systems, cationic polymers and cationic lipids have been extensively studied. Polyethylenimine (PEI) is one of the most superior and efficient non-viral vectors for gene transfer and is often regarded as a standard vector for both in vitro and in vivo transfection. [14] [15] [16] PEI-DNA complex were utilized to deliver genes in our study.
We hypothesized that a PEI-DNA complex that expressed hTERT can transfect hair follicles and produce sufficient hTERT to stimulate hair growth. In this study, we showed that PEI-DNA complex is able to deliver hTERT gene into hair follicle cells in a rat model. Gene transfection of hTERT into hair follicle stem cells was achieved by directly coating the prepared PEI-DNA complex solution on the rat skin surface.
RESULTS
Isolation and characterization of integrin b1 + and CD71 À cells isolated from rat keratinocytes The first goal was to enrich candidate rat keratinocyte stem cells by fluorescence-activated cell sorting (FACS) based on high levels of b1 integrin and low levels of the transferrin receptor, CD71 (b1 integrin + CD71 À ), analogous to mouse hair follicle stem cells. 2 FACS analyses revealed that B18% of total epidermal cells were integrin b1 + (b1 + ) and 6.5% were CD71 + compared with the isotype control. The 14.1% of primary keratinocytes that were b1 + CD71 À cells were efficiently enriched by FACS to 91.2% purity (Figure 1b) . Integrin b1 À CD71 À cells were also separated by FACS (Figure 1a ). Immunofluorescent staining of the two subpopulations confirmed the FACS analysis (Figures 1c and d) . Clonogenic assessment of the b1 À CD71 À and b1 + CD71 À enriched cells revealed that integrin b1 + CD71 À cells grew into larger colonies (diameter (d)¼3.47 mm±0.82 mm) than the integrin b1 À CD71 À control (1.98 mm ± 0.55 mm) (Supplementary Figure S1 ; Supplementary Table S1 ). These data indicated that FACS-purified b1 + CD71 À cells exhibited higher clonogenic potential than b1 À CD71 À cells. The FACS-purified b1 + CD71 À cells have been called hair follicle stem cells hereafter.
In vitro transfection efficiency and cytotoxicity of PEI To maximize transfection efficiency of hair follicle stem cells and minimize cytotoxicity, transfection was performed at different PEI nitrogen/plasmid phosphate ratios (N/P ratios). 17 The reporter gene, GFP1, allowed rapid assessment of transfection efficiency at different N/P ratio in purified integrin b1 + CD71 À cells, and was also used in cytotoxicity assays (Figure 2 ). The transfection efficacy was obtained from the hTERT+ FL1 signal in flow cytometry and was compared with non-treated control group. Transfection efficiency of GFP1 increased in a dose-dependent manner (Figure 2a ), while cell viability had a biphasic curve (Figure 2a ). The higher doses had reduced cell viability.
Because TERT expression in transfected cells may favor cell growth, pLC-hTERT plasmid DNA was complexed with PEI at different N/P ratio, transfected into purified hair follicle stem cells and assessed for transfection efficiency and cell viability (Figure 2b ). Our target gene, hTERT, elicited approximately threefold higher transfection efficiency in purified stem cells compared with GFP1. High transfection efficiency was concomitant with a relatively higher cytotoxicity. The N/P¼7 complex displayed a transfection efficiency of 22.86% and cell viability of 107.14%.
Expression of hTERT in DNA-PEI-transfected hair follicle stem cells was also characterized by immunofluorescent staining, immunoblot analyses and flow cytometric analysis. As expected, no hTERT expression was detected in the controls by immunofluorescent staining and immunoblot analyses (Figures 3a-c and i ). Approximately 20% of b1 + hair follicle stem cells expressed hTERT gene (red) in the nucleus (Figure 3d ). Furthermore, transfection of pLC-hTERT-DNA-PEI complex at N/P¼7 induced detectable hTERT expression in 27.6% of the stem cell population, with a 17.7% co-expression of transfected gene (hTERT) and integrin a6, a second stem cell marker (Supplementary Figure S2b) . Thus, the PEI-pLC-hTERT complex (DNA-PEI complex) at N/P¼7 was chosen as the appropriate ratio to deliver hTERT gene to hair follicle stem cells in all subsequent experiments unless indicated otherwise.
The function of hTERT in vitro in rat keratinocyte TERT has enhanced proliferation of hair follicle stem cells in a transgenic mouse model. 7 We investigated the effect of hTERT on proliferation of rat hair follicle stem cells using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Cells transfected with hTERT-DNA-PEI complex had higher cell viability than PEI delivery only (Supplementary Figure S2a) (P¼0.022). Second, transfection with hTERT-DNA-PEI complex induced expression of the proliferating cell nuclear antigen (PCNA) in 35.8% of the purified stem cell population. PCNA was co-expressed in 27.7% of cells positive for the integrin a6-associated stem cell marker (Supplementary Figure S2c) . Immunofluorescent assay and immunoblotting revealed a relatively higher expression of PCNA in hTERT-DNA-PEI complex transfected cells (Figures 3h and j) compared with controls ( Figures 3e-g and j) . Proliferation stimulated by hTERT expression may contribute to the enhanced cell viability of hTERT-DNA-PEItransfected stem cell population. These data revealed that hTERTinduced proliferation occurred in B28% of purified stem cells.
In vivo transfection efficiency of PEI To determine the transfection efficiency of rat hair follicles in vivo, we established a rat model to evaluate DNA transfection into the hair bulge region of dorsal skin. Transfected skin was harvested 1, 3 and 5 days after transfection, and stained for b-gal activity. Cells positive for b-gal were located in the bulge region and dermal sheath of hair follicles in contrast to non-treated and naked DNA control (Figures 4a-c; Supplementary Figure S3 ). Transfected cells were predominantly keratinocytes and expressed b-gal to day 5 (Figures 4a-c) . No other cells within the hair follicle, sebaceous gland or epidermis expressed the reporter gene. The dermis and subcutaneous fat were also negative for reporter expression. Hematoxylin and eosin stain showed that follicles in hTERT-transfected region (D+P) entered anagen (black arrows) on day 15 after transfection, whereas non-transfected (Neg) controls remained in telogen (asterisks) (Figure 4d ).
The function of hTERT in vivo in rat skin tissue To examine whether this transfection method can express sufficient TERT protein to induce a transition from telogen to anagen in 50-dayold rat dorsal skin, depiled rat dorsal skins were transfected with pLC-hTERT plasmid complexed with PEI (DNA-PEI complex) or DNA only on a schedule of every 3 days beginning on day 51. Negative control was non-transfected. Hair was removed again on day 60 (10 days after transfection). Eight days after second hair removal (day 18 after transfection), the skin tissue administered hTERT-DNA-PEI complex showed significant hair growth and entered into anagen Hair follicles treated with hTERT-DNA-PEI complex displayed a specific expression of hTERT ( Figure 3e ). Follicles treated with hTERT-DNA-PEI complex early entered anagen by day 18 ( Figure 4e at day 18 after transfection). Notably, these results showed that induction of hTERT in telogen follicles was sufficient to initiate a transition to the anagen phase and promote new hair synthesis.
Because initiation of a new anagen cycle requires activation of bulge stem cells, we hypothesized that TERT expression induced stem cell proliferation. To address this hypothesis, tissues in transfected and nontransfected group were biopsied and examined for PCNA and the stem cell marker, integrin b1, by immunohistochemistry. A higher expression of PCNA was evident in the hTERT-DNA-PEI-transfected group (D+P) compared with the non-transfected control (Neg) (Figure 4f ).
To investigate whether there were differences in PCNA expression of stem cells between transfected and non-transfected tissue, quantitative analysis of immunofluorescent staining for proliferating stem cells was performed with anti-CD34-PE and anti-PCNA conjugated to Dylight 405 (Rockland Immunochemicals for Research, Gilbertsville, PA, USA).
PCNA + CD34 + cells were present in similar numbers in negative control (Neg), DNA and PEI tissues (Supplementary Figure S5) . In marked contrast, induction of hTERT in hTERT-DNA+PEI-treated tissue significantly increased PCNA expression in the CD34 + cell population (Supplementary Figure S5 ; Po0.001). These data demonstrated that hTERT-DNA-PEI complex in situ transfection induced sufficient hTERT expression, which stimulated proliferation of stem cells.
hTERT-DNA-PEI complex promoted new hair follicle formation in wounded skin We next tested whether hTERT promoted follicle neogenesis following wounding. During our studies on wound healing in rats, we noticed structures within the center of large healing wounds that resembled early developing hair follicles. To characterize these structures, we performed experiments in which a 1-cm 2 square of full-thickness back skin was excised from 4-week-old rats. By 10-11 days after wounding, contracture and re-epithelialization resulted in wound closure. However, there was an B0.25 cm 2 area composed of an epidermis and a dermis with no evidence of hair follicles. Small epidermal downgrowths but no hair follicles were present by 20 days after wounding. However, transient induction of hTERT by applying DNA-PEI complex on the skin surface promoted neogenesis of hair follicle ( There was a significant increase in hair count in D+P group at wounded site compared with non-transfected control (Figure 6a ). hTERT D+P treatment elicited rapid hair growth by day 60 after wounding in 8/8 animals ( Figure 6b ) and induced regeneration of more hair follicles (83±52 regenerated follicles per rat). Non-treated control showed no significant hair growth (Figure 6c ) and less hair follicles (15 ± 15 regenerated follicles per rat). To study whether hair follicle regeneration was induced by hTERT expression, immunohistochemistry of skin sections was performed to locate proliferating cells and hTERT expression on day 40 after wounding. hTERT expression was evident in DNA-PEI-treated group (Figures 6e and f 
DISCUSSION
Our studies now reveal a time-saving and efficient method for transfection of the hTERT gene into hair follicles in situ. This system simply utilized the administration of hTERT-DNA-PEI complex that was optimally formulated for uptake by rat hair follicle stem cells. In this study, our results showed that surface application of hTERT-DNA-PEI complex onto rat skin was mainly expressed in the bulge region of hair follicles. Expression of hTERT protein by this method was sufficient to increase the percentage of proliferating stem cells. hTERT expression resulted in the formation of new hair follicles and hair growth on dorsal skin of rats by days 20 and 40 after wounding. To date, there had been no evidence that hTERT can promote actual hair follicle neogenesis in adult rat dorsal skin. These data demonstrate that expression of hTERT by applying hTERT-DNA-PEI complex promoted the new formation of hair follicles.
This successful transfection was accomplished with PEI by optimization of the N/P ratio for transfection efficiency and minimal cytotoxicity of hair follicle stem cells. The lack of contact with the vascular system also may have contributed to its high in situ efficacy. 16 PEI was able to assemble DNA/vector complexes and has high transfection efficiency in gene therapy. 18 Moreover, no acute or chronic toxicity has been reported, even when delivered into animals (LD50 44 g kg -1 ). Our cytotoxicity data with PEI/DNA complexes (N/P ratio¼7) in hair follicle stem cells detected almost no toxicity compared with no PEI control group. These data suggested that DNA-PEI complexes at the appropriate N/P ratio have minimal toxic effect in hair follicle cells in vitro. Recent studies support the use of PEI as a gene therapy vector. [18] [19] [20] Our findings of targeted gene expression in hair follicles have direct implications for therapeutics for various alopecias and other diseases. 8 Although we optimized the N/P ratio for uptake by hair follicle stem cells, it was nonetheless surprising that PEI exhibited a high permeability and directly targeted hair follicle stem cells in the rat skin tissue. Our data encourage further studies to utilize PEI to deliver other genes to human or murine hair follicles. Further refinements in assembly of DNA-PEI complexes may improve transfection efficiency. 18 The successful enhancement of hair growth was achieved by the right target gene, hTERT. Recent study shows that TERT acts in a telomere-independent manner to activate hair follicle stem cells in bulge region and to promote a transition from telogen to anagen, which results in hair growth. Our investigations of the function of hTERT in hair follicle stem cells are consistent with previous studies, 7 but in our study, hTERT function was induced in skin by a less time consuming and more convenient manner than previously reported. 7 Possible mechanisms of hTERT-induced formation of new hair follicles may involve the activation of Wnt-signaling pathway. Recent studies found that the TERT signature is highly interlinked with signaling pathways controlled by Myc and by Wnt. TERT directly induces Wnt/b-catenin signaling by serving as a cofactor in a b-catenin transcriptional complex. 21 Previous research has shown that the Wnt-signaling pathway can induce formation of new hair follicles, 4 in agreement with our data on 50-day-old rats. In addition, our studies demonstrated that TERT expression enhanced hair growth, even in wounded tissue. This phenomenon may be caused by hTERT upregulation of the Wnt-signaling pathway. It is possible that expression of TERT promotes Wnt signaling and leads to de novo formation of hair follicles.
Despite the challenges in switching to a different species and scaleup issues, our methods may be directly applicable for optimizing transfection efficiency and minimizing cytotoxicity to human hair follicle stem cells with hTERT-DNA-PEI complexes using direct administration. Plasmids that provide longer resident times and require less frequent reapplication may be more amenable for the development of therapeutics of human hair follicles. In addition, highly expressed hTERT gene may cause the worry about the ability to cause cancer in transfected cells in vivo. Therefore, a long-term followup should be done in our future study. In summary, our research suggests new strategies for manipulating hTERT for therapeutic purposes of skin disorders and provides a convenient method that efficiently transfers genes into hair follicles of rodents.
MATERIALS AND METHODS

Isolation of keratinocytes
Primary rat keratinocytes were isolated from the upper lip of 50-day-old Wistar rats (Laboratory Animals Center, National Taiwan University) and cultured, enriched and characterized as described. 22 Briefly, 500 cells per population were seeded onto irradiated Swiss 3T3 cells (feeder layer cells) in 60 mm dishes and grown at 37 1C with 5% CO 2 in conditional medium as described. 22 For colony formation assay, cells were stained with 1% 4-[(4-dimethylaminophenyl)-phenyl-methyl]-N,N-dimethyl-aniline to visualize colony growth after 10 days in culture. For sorting of the high content of stem cell-liked keratinocytes, the cells were labeled with Alexa Fluor 488 Armenian hamster IgG anti-mouse/rat b1 integrin (102 212; BioLegend, San Diego, CA, USA) and Alexa Fluor 647 mouse IgG2a, k anti-rat CD71 (204 408; BioLegend). The cells were washed with phosphate-buffered saline (PBS) containing 0.5% bovine serum albumin and resuspended in 5% fetal bovine serum in PBS and washed twice and then performed the cell sorting. Compensation settings were established using isotype antibodies presented as follows: Alexa Fluor 488 Armenian Hamster IgG isotype control (400 923; BioLegend) was the isotype control of Alexa Fluor 488 Armenian hamster IgG anti-mouse/rat b1 integrin. Alexa Fluor 647 mouse IgG2a, k-isotype control (FC) (400 234; BioLegend) was the isotype control of Alexa Fluor 647 mouse IgG2a, k-anti-rat CD71. Flow cytometric analysis was performed using FACSAria (BD Bioscience, San Jose, CA, USA) by the Cell Sorting Core Facility (National Taiwan University College of Medicine, Taipei, Taiwan). A minimum of 10 000 cells gated on forward and side scatter were counted in each experiment.
Immunofluorescent staining
Keratinocytes were prepared for immunofluorescent imaging at room temperature (r.t.). Washes were done with PBS unless indicated. Briefly, after washing, cells were fixed with 3% paraformaldehyde in PBS for 30 min. Aliquots were permeabilized with 0.2% Triton X-100 in PBS for 10 min. After washing, permeabilized and non-permeabilized cells were blocked with 2% bovine serum albumin in PBST (1% bovine serum albumin/PBS and 10% Tween 20) for 30 min. Cells were either stained with primary antibodies labeled with a chromophore or stained with primary antibodies that had no chromophore followed by secondary antibodies. The following antibodies were used to stain cells or tissues in the indicated figures: Alexa Fluor 488 IgG anti-mouse/ rat b1 integrin in Figures 1 and 3 ; Alexa Fluor 647 mouse IgG2a, k-anti-rat CD71 in Figure 1 ; hTERT (C-term) rabbit monoclonal antibody (1531-1; Epitomics, Inc., Burlingame, CA, USA) and PCNA (FL-261) rabbit polyclonal Antibody (sc-7907; Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) were the primary antibodies in Figures 4 and 6 and in Supplementary Figure S6 . Mouse anti-rat integrin b1 (MAB2079Z; Chemicon International, Inc., Temecula, CA, USA) was a primary antibody in Figure 6 . Donkey anti-rabbit IgG-PE (sc-3745; Santa Cruz Biotechnology, Inc.) was the secondary antibody in Figure 4 . Goat anti-mouse IgG-PE (p852; Invitrogen, Burlington, ON, Canada) and goat anti-rabbit IgG-fluorescein isothiocyanate (F0382; Sigma-Aldrich, Oakville, ON, Canada) were the secondary antibodies in Figure 6 . DyLight 405 conjugated affinity purified anti-rabbit IgG (611-746-127, Rockland Immunochemicals for Research) were the secondary antibodies in Supplementary Figure S6 . CD34-specific mouse monoclonal antibodies (sc-7324; Santa Cruz Biotechnology, Inc.) were also primary antibodies in Supplementary Figure S6 . After washing, the cells on cover slips were mounted onto glass slides containing a drop of 90% glycerol in PBS. Imaging was performed on a ZEISS confocal microscope confocal optics (Carl Zeiss, Thornwood, NY, USA) in the multitrack mode. A 405-nm excitation filter and a 420-480 nm band-pass emission filter was used for imaging Dylight 405; a 458-nm excitation filter and a 575-nm long-pass filter was used for imaging of PE (phycoerythrin). Images of differential interference contrast microscopy were recorded on the same system. Quantification was performed by Zeiss LSM image Browser (Carl Zeiss).
Plasmid DNA and carrier for transfection pLPC-hTERT plasmid (9.7 kb; Clontech Laboratories, Mountain View, CA, USA), pAcGFP1-C1 plasmid (4.7 kb; Clontech Laboratories) and pCMV-lacZ (9.4 kb; Invitrogen, Carlsbad, CA, USA) were used for transient expression of transgenes in stem cells. The PEI carrier was branched with Mw (the weight average molecular weight) B25 000 by light scattering, and Mn (the number average molecular weight) B10 000 by gel permeation chromatography (Cat: 40 872-7; Sigma-Aldrich, Shanghai, China).
DNA-PEI complex preparation and in vitro transfection
Plasmid DNA and PEI were diluted in distilled water with gentle vortexing and were stored at 4 1C before combination. Diluted PEI was added to the DNA solution, vortexed vigorously and incubated at r.t. for at least 20 min before use. Keratinocytes were plated in 24-well plates and grown overnight to B70% confluency. Cells were rinsed with PBS, and the GFP1-DNA-PEI complex or hTERT-DNA-PEI complex was added dropwise to each well (2 mg of DNA per well complexed at various N/P ratios) in medium that mimicked the in vivo environment. The cells were incubated at 37 1C in 5% CO 2 for 48 h. Cell viability was evaluated by MTT assay; PCNA (FL-261: sc-7907; Santa Cruz Biotechnology) and hTERT (C-term) rabbit monoclonal antibody (1531-1; Epitomics) were used for immunofluorescent staining and western blot to detect the genes expression. Transfection efficiency was calculated as the percentage of cells expressing the marker gene product GFP1 when cells were transfected with pAcGFP1-C1 plasmid. After cells were transfected with pLPC-hTERT plasmid, cells were stained with rabbit anti-hTERT and an anti-rabbit secondary antibody conjugated with fluorescein isothiocyanate (F0382; Sigma-Aldrich, Oakville, ON, Canada) shown in Figure 2 . Stem cells, which expressed integrin a6, were detected by staining with anti-integrin a6 mouse monoclonal antibody (sc-59920; Santa Cruz Biotechnology, Inc.) followed by anti-mouse secondary antibody conjugated with Alexa Fluor 647 (A21235; Invitrogen) and with anti-hTERT with anti-rabbit secondary antibody conjugated with fluorescein isothiocyanate. Flow cytometric analysis was performed using FACSAria (BD Bioscience) and was shown in Supplementary  Figure S3 . Transfection efficiency of stem cells was determined as percentage hTERT+ cells/integrin a6+ cells. In the analogous manner, the flow cytometry analysis was performed to obtain the ratio of proliferating stem cells in total cells by staining anti-PCNA with anti-rabbit secondary antibody conjugated with fluorescein isothiocyanate as FL1 signal and also staining with antiintegrin a6 with anti-mouse secondary antibody conjugated with Alexa Fluor 647 as FL4 signal. Each of the three experiments was performed in triplicate and data were expressed as mean±s.d. Quantitative data were analyzed with two-tailed t-test.
Cytotoxicity: MTT assay
Cells were plated in 24-well plates, transfected as indicated, incubated for 48 h and assessed by MTT assay. MTT (5 mg ml -1 ; 50ml) was added to each well containing 450 ml culture medium and plates were incubated at 37 1C in 5% CO 2 for 3 h. After removing the medium, dimethyl sulfoxide (500 ml) was added to each well, and the plates were shaken for 5 min to dissolve the crystals. Medium (100 ml) from each well was transferred to 96-well plates, and absorbance was measured at 570 nm. The viability of cells incubated with Dulbecco's modified Eagle medium alone was set as 100%.
Animal model for in vivo transfection
The animal experimental protocols were reviewed and approved by the National Science Council of the Republic of China. For normal skin model, the hairs on the dorsal skins of 50-day-old Wistar rats were removed with tweezers under general anesthesia. After 16-20 h, animals were anesthetized and transfection was performed once every 3 days. In the wound-healing model, a 1-cm 2 square of full-thickness dorsal skin was excised from 4-week-old rats. After wound closure had occurred on day 11, bare skin was transfected with the aforementioned treatments every 3 days.
In vivo transfection
Because autofluoresence interfered with GFP1 assessment in skin, we chose to use a b-gal expressing plasmid for in vivo experiments. After hair removal, b-gal-DNA-PEI complex, naked DNA, PEI and control group, which was treated with nothing, were applied to the dorsal skins of the rats. Animals were anesthetized and a 1-cm 2 piece of filter paper was attached to the skin. It was divided into 12 parts. A total of 100 ml hTERT-PEI-DNA complex containing 32.5 mg of PEI and 10 mg of plasmid DNA (pCMV-b-gal and pCMV-hTERT) was applied topically in 10 ml aliquots, with a micropipette to the 1-cm 2 filter paper covering the dorsal skin every 10 min for a total of 90 min. The skins of the control groups were treated with 10 mg naked plasmid, 50 mg of lipid alone or no solution. For normal skin model, treated skin was harvested 1, 3 and 5 days after transfection, and stained for b-gal activity. Briefly, tissue samples were fixed in freshly prepared 1.5% glutaraldehyde in PBS at r.t. for 15 min, and washed thrice in PBS for 1 h at r.t.. Fixed tissues were incubated at 37 1C overnight (4-16 h) in 1 mg ml -1 X-gal in PBS. Tissues were washed with tap water and examined by light microscopy.
Hair count
Hair growth in rats involves the four different types of dorsal skin hair: guard, awl, auchene and zigzag hairs. 23 Only the straight guard hairs, which contain two columns of medulla cells, and the shorter awl hairs, which consist of two or more columns of medulla cells, have a uniform distribution on the rat dorsal skin. 23 Biopsies of rat dorsal skin were taken at regular intervals from day 12 to day 18. The lengths of guard and awl type hair were counted in a 1-cm 2 area on days 0, 1, 10, 12, 15, 18, 21 and 24 because these hair types were evenly distributed on rat dorsal skin. 23 The bent auchene and zigzag type hairs were ignored.
Histochemical studies
After rats were killed, their dorsal skin was harvested, washed with PBS and fixed with 4% paraformaldehyde at 4 1C overnight. Samples were embedded and cut into sections. The sections were dewaxed with Xylene and rehydrated with 100, 95, 70, 50% EtOH for 1 min each. After bleaching with 3% H 2 O 2 for 10 min, the slides were washed with PBS for 5 min twice. For immunohistochemical staining, the tissue was blocked with 10% goat serum in PBS for 30 min. The sections were incubated with primary antibody at 4 1C overnight, followed by washing with PBS and incubating with HRP-conjugated anti-mouse IgG at r.t. for 30 min. The color was developed by incubating the section with DAB and H 2 O 2 . For the hematoxylin and eosin stain, the tissue was stained in hematoxylin solution for 3 min. After rinsing in 0.1% HCl solution for 2 s and in running tap water 3-5 min, the section was counterstained with eosin for 3 min. Sections were dehydrated and mounted for microscopic examination.
Whole-mount hair follicle neogenesis assay
To detect newly developing hair follicles in the wound, we incubated the skin with dispase (ED2SS; Sigma-Aldrich) overnight. Then, we gently peeled the epidermal portion off under a Leica MZFLIII dissecting microscope (Leica Microsystems Inc., Bannockburn, IL, USA), fixed the epidermis in paraformaldehyde in PBS pH 7.4 for 15 min, rinsed with PBS, blocked with 0.6% H 2 O 2 in methanol and performed immunostaining for mouse anti-rat keratin 17 (MAB1677; Chemicon International, Inc.).
Statistical analysis
Values for all measurements were expressed as mean values±s.d. of n. They have been analyzed for statistically significant differences using paired two-tailed Student's t-test or analysis of variance followed by two-by-two comparisons adjusted by Bonferroni approach. Data were analyzed using SAS 9.0 (SAS Institute, Inc., Cary, NC, USA). A value of Po0.05 is considered to be significant in all analyses.
